Here we present a systematic study of correlation between superconductivity with Se-content and Te-doping to the -FeSe system. Detailed structural and specific heat measurements at low temperature suggest that the occurrence of superconductivity is closely related to the presence of P-1 (triclinic) symmetry at low temperature. Magnetic field dependence of the resistive transition in polycrystalline -FeSe 1-x and FeSe 1-x Te x suggest that Te-doping tends to induce the system to become more 2D-like and enhances substantially the upper critical field value, whereas the FeSe system behaves more like 3D superconductor.
Introduction
The discovery of the Fe-based quaternary oxypnictides, which is the first system where Fe plays a decisive role to the occurrence of superconductivity 1) has led us to the discovery of superconductivity in the binary -FeSe compound with T c ~ 8 K.
2) It was found that -FeSe undergoes a structural transformation to P-1 space group symmetry at ~105 K 2) . The planar sub-lattice is stretched with the a, b lattice parameters unchanged while the c axis shrinks and the angle increases from 90º to 90.3º. It was found that the appearance of superconductivity correlates directly with Se-deficiency. It is thus interesting to find out how Se-concentration affects the superconducting property. A subsequent study of FeSe 1-x Te x showed that Te-doping transforms the crystal symmetry from tetragonal to triclinic even at room temperature, and the sample with larger angle corresponded to higher achievable T c , with maximum onset T c of 15.2 K at x = 0.5.
3) However, why does FeSe 1-x Te x exhibit larger T c than FeSe 1-x ? In this paper, we present the results of the specific heat measurements on the FeSe 1-x system, and the field dependence of the transport in polycrystalline -FeSe 1-x and -FeSe 1-x Te x samples.
Experimental Methods
The samples were prepared in the following way. High purity (99%) powder of Fe (3N purity), Se (3N purity) and Te (5N purity) with appropriate stoichiometry (FeSe 1-x with x = 0.07 -0.18 and FeSe 1 x Te x of x = 0 -1.0) were mixed and grounded. The well-mixed powder was cold-pressed into discs with 400 kg/cm 2 uniaxial force, then the discs were sealed in an evacuated quartz tube with a pressure less than 10 4 torr and heat treated at 600 ºC for 20 hours. The sample was reground and sintered again at 700 ºC for 24 hrs, then annealed at 400 ºC for 36 hours. Phase identification of powder samples was carried out on a diffractometer (Philip, PW3040/60) with Cu-K radiation generated at 45 kV and 40 mA. Low temperature specific heat measurements were performed using thermal relaxation method in a Quantum Design PPMS-Cp system. The resistance measurements were carried out in the same Quantum Design PPMS system, using the standard 4-probe method with silver paste for contacts.
Results and Discussions
X-ray powder diffraction of the samples presented here was shown previously. 2, 3) Polycrystalline FeSe 1-x was predominantly in the phase with P4/nmm (tetragonal) space group symmetry at room temperature. -FeSe 1-x then transforms into the P-1 (triclinic) space group below 105 K, and for the x = 0.12 sample, the zero point resistance occurs at 8 K.
2) Figure 1(a) shows the lattice parameters of FeSe 1-x with different Se-content. The data clearly show that the lattice contracts with increasing Se-content. It is interesting to note that the c-parameter change correlates well with the variation in T c , as shown in Fig. 1(b values and the inverse of the c-parameter. Since the c parameter reduces more than that of the a-parameter, as evidenced in Fig 1(a) , the angle associated with the low temperature P-1 phase is expected to be larger for higher Se-content. This observation is consistent with the argument that larger angle of the low temperature P-1 symmetry favors higher T c .
3) A more systematic low temperature structural study will certainly clarify this viewpoint. Figure 2 displays the variation in lattice parameters with temperature for x ~ 0.12. It is noted that the transformation from tetragonal -phase to triclinic (P-1) phase, which leads to angle increase, starts at ~105 K. This change is consistent with the observed anomaly of magnetic susceptibility increase reported earlier.
2) The angle increase, however, seems to flatten out at around 75 K. The sudden drop in magnetic susceptibility at ~ 75 K 2) is likely the direct consequence of this structural effect. A more detailed specific measurement also shows the existence of an anomaly at around the same temperature, as shown in Fig. 3 . Unfortunately, we do not observe a clear anomaly in specific heat at ~ 105 K, though a slight curvature change does appear in the temperature trace.
4) It will be an important follow up to see how these anomalies associate with the occurrence of superconductivity in FeSe system.
In order to gain more insight into the origin of the T c enhancement with Te-doping, we have carried out a series of resistive measurements on FeSe 1-x and FeSe 1-x Te x samples. In Fig. 4 , we present the field dependence of the resistive transition of the FeSe 0.88 sample. We also plot in the inset the field-temperature phase diagram, taking the onset (90% Rn), midpoint (50% Rn) and zero resistance (10% Rn) transition temperatures versus magnetic fields. From these data we can derive the upper critical field H c2 (0) onset = 36.2 Tesla, H c2 (0) midpoint = 28.0 Tesla and H c2 (0) zero = 17.8 Tesla, respectively. We see that the zero resistance temperature shifts lower more pronouncedly than the onset temperature. As is known, the zero resistance temperature depends on the weak links between grains as well as the vortex flow behavior, while the onset is largely determined by the upper critical field of the individual grains. It is noted the results show that the magnetic field effects on the resistive transition behave very much like that of a conventional 3D superconductor.
In the T c of FeSe increases with increasing Se content, one would expect H c2 (0) to have similar trend. However, we observe that H c2 (0) of FeSe 0.88 is somewhat lower, which could possibly be due to some magnetic interaction. This is supported by a larger observed = Cp/T value. 5) In fact, the results show that the upper critical fields do not vary that much with the Se concentration. These results indicate that the variation in Se-content, though affects slightly the transition temperature, does not change the 3D characteristic of the material.
In Fig. 6 , we show the field dependence of the resistive transition for FeSe 0.5 Te 0.5 . The inset shows the change of the onset (90% Rn), midpoint (50% Rn) and zero resistance (10% Rn) temperatures, respectively, at different field strengths. Substituting Se with Te in FeSe asymmetrically strains the unit cell, with the c-axis elongating much more than the a-axis.
3) FeSe 0.5 Te 0.5 was observed to have 8.1% change in the c-axis, while only expanding in the a-axis by ~0.6 %, in comparison to the a, c-axes of FeSe 1-x . Interestingly, FeSe 0.5 Te 0.5 naturally occurs in the P-1 space group at room temperature. 3) A second structural transformation is observed at ~100 K that only widens the angle. This change seems to correlate with an upturn in the resistance, indicating insulator behavior. We believe that these structural changes allow the transport in FeSe 0.5 Te 0.5 to be more two dimensional. This is supported by the larger onset (15.2 K) and zero resistance (11 K) values. In addition, the larger c-axis and angle diminishes the Fe interlayer interaction, thus, allowing for possibly larger vortex pinning. This helps to enhance the upper critical field.
In Fig. 7 , we show the H c2 (0) values for FeSe 1 x Te x at various x concentrations. The overall field dependence for Te-doped samples behave very much like those of the high T c cuprates, which exhibit strong 2D characteristics. H c2 (0) estimated from 50 % of the normal resistance gives H c2 (0) ~ 72.5 Tesla for x = 0.5; ~ 40.4 and 96.9 Tesla for x = 0.3 and 0.7, respectively. Therefore, in contrast to FeSe, H c2 (0) monotonically increases with increasing Te concentration up to a threshold concentration, x = 0.9. For x > 0.8, H c2 (0) drops, which seems to make sense as FeTe is not superconducting. Interestingly, H c2 (0) for x = 0.7 is larger than for x = 0.5, despite a lower T c at x = 0.7. The reason for this is not entirely clear. Also, the H c2 (0) estimated from the onset (90% Rn) T c are exceptionally large.
The above observations further support the argument that the transport behavior of FeSe becomes more layer-like with Te substitution. This is reasonable as c-axis expands with Te-doping so as to increase the spacing between neighboring Fe-occupied planes. Higher concentration of Te induces weaker coupling between each plane and results in more layer-like transport characteristics.
Conclusion
We learned of the following facts about superconductivity in -FeSe system from this study: 1) the occurrence of superconductivity is closely related to the presence of P-1 (triclinic) symmetry at low temperature; 2) transition temperature T c is closely related to the value of angle in P-1 phase; 3) Te-substitution to Se expands the lattice to enhance the T c and also substantially increases the upper critical field. This large enhancement may originate from the more 2D-like characteristics in Te-doped system. The enhancement of H c2 (0) to 96.9 Tesla when -FeSe is 70 % Te doped, is well beyond the Pauli paramagnetic limit, estimated as Hp = 4kT/ = 28.79 Tesla, providing more hints that unconventional pairing mechanisms are at play. What is not understood is why x = 0.7 doping has higher H c2 than x = 0.5, despite having a lower T c . We speculate that the structural and magnetic transitions that allow for cleaner layer transport may play a role in the vortex flow, and thus, affect the attainable upper critical field. Clearly, there is still much to learn from this class of materials. Aside from the interesting and fundamental question of what role the Fe magnetism plays in these superconductors, one might also expect potential applications could result from these materials. 
